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Our knowledge for the distribution of Atlantic mackerel (Scomber scombrus) in the
Mediterranean Sea is limited and fragmented. In the current work habitat suitability
modeling was applied to summer acoustic surveys data of Atlantic mackerel juveniles
derived from the north part of the Mediterranean (i.e., acoustic data from the Gulf of Lions,
pelagic trawls held during acoustic surveys in Spanish Mediterranean waters, south
Adriatic Sea, Strait of Sicily, and North Aegean Sea) using generalized additive models
(GAMs) along with satellite environmental and bathymetry data. Bathymetry along with
sea surface temperature and circulation patterns, expressed through sea level anomaly
and the zonal component of the absolute geostrophic velocity, were the environmental
variables best to describe nursery grounds. The selected model was used to produce
maps presenting the potential nursery grounds of Atlantic mackerel throughout the
Mediterranean Sea as a measure of habitat adequacy. However, the assessed potential
nursery grounds were generally marked as “occasional,” implying that although there are
areas presenting high probability to encounter Atlantic mackerel, this picture can largely
vary from year to year stressing the high susceptibility of the species to environmental
conditions. In a further step and toward a spatial management perspective, we have
estimated and visualized the overlap between Atlantic mackerel and anchovy/ sardine
juvenile grounds throughout the basin. Results showed that although the degree of
overlapping was generally low, not exceeding 15% in general, this varied at a regional
level going up to 30%. The potential of the output of this work for management purposes
like the implementation of spatially-explicit management tools is discussed.
Keywords: habitat suitability modeling, Atlantic mackerel, nursery grounds, Mediterranean Sea, generalized
additive models, acoustic surveys
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INTRODUCTION
It is well-known that the most landed small pelagic species in
the Mediterranean Sea are anchovy Engraulis encrasicolus, and
sardine, Sardina pilchardus (FAO, 2016). As a consequence the
majority of pelagic surveys in the Mediterranean used mainly for
stock assessment purposes target these two species. However, the
ecosystem approach to fisheries entails the need to update our
knowledge also for species that might contribute less in the total
landings or have lower economic value but play an important
ecological role in the ecosystem. This is the case of Atlantic
mackerel (Scomber scombrus) in the Mediterranean Sea. Purse
seiners is the main gear targeting Atlantic mackerel in the basin
with midwater pelagic trawls also operating in the Adriatic Sea,
the Strait of Sicily and the French coastal waters. Genetic analysis
has revealed a single panmictic population in the northern-
central Adriatic Sea, distinct from the population of the southern
Adriatic Sea (Papetti et al., 2013). Moreover, midwater trawl
landings decreased and the age structure appears shrinked in the
north central Adriatic Sea, which might translate a population
decline (Meneghesso et al., 2013). However, our knowledge on
the status of Atlantic mackerel Mediterranean stocks is totally
absent (no stock assessment of mackerel available in GFCM Stock
Assessment Working Groups) and info on the species biology in
the Mediterranean is very limited. However, the high importance
of these stocks in the Mediterranean and the need for stock
assessment was recently highlighted (STECF, 2016).
Fine-scale knowledge on the distribution of species and
habitats is crucial for effective management and the conservation
of marine resources. Ecosystem approach to fisheries impairs the
need to develop spatially-explicit management tools, integrating
fisheries and ecosystem objectives regionally within one single
management scheme. Conservation prioritization exercises
require good quality information on the spatial distribution
of species and their associated habitats, including different life
history stages. Moreover, the increasing number of studies on
the effect of climate change on fisheries resources (e.g., Brander,
2010; Pecl et al., 2014; Fortibuoni et al., 2015; Gamito et al., 2015),
stresses the need to improve our understanding of past changes
in fish distribution to allow reliable future projections. This is
even more important for species such as Atlantic mackerel as
their spawning habitat in the Atlantic is known to have shifted
northward in the last three decades probably in response to
global sea warming (Bruge et al., 2016). Habitat heterogeneity
could, however, produce more complex patterns than a simple
polewards translation in distribution (Hughes et al., 2014) and
the environmental complexity of the Mediterranean Sea can be a
good example.
Atlantic mackerel is known to be a cold water spawner
(Hughes et al., 2014). The Northeast Atlantic mackerel
population is known to spawn from January to July along the
continental shelf edge from Portuguese to Scottish waters and
in the North Sea (Reid et al., 1997, 2001; Villamor et al., 1997;
Beare and Reid, 2002). After spawning, this population is known
to perform seasonal migrations between feeding and spawning
grounds, migrating toward the North Sea and Norwegian Sea to
feed. In the Mediterranean, our knowledge on Atlantic mackerel
spawning mainly comes from the Adriatic Sea. Atlantic mackerel
is reported to spawn from October to April in the eastern part of
the Adriatic Sea (Sinovcˇic´, 2001) and from December to April in
the western part of the Adriatic Sea (Bottari et al., 2004; Tsikliras
et al., 2010; Meneghesso et al., 2013) with a probable peak in
January (Gamulin and Hure, 1983; Sinovcˇic´, 2001; Bottari et al.,
2004; Meneghesso et al., 2013). As there are no dedicated surveys
for this species in the Mediterranean, our knowledge on the
distribution grounds, the spawning and nursery habitat of the
speciesmainly relies on past studies of certain areas in the western
and central part of the basin. In particular, winter spawning areas
have been identified adjacent to the Palagruza Island, offshore of
Dugi Otok as well as in the Istrian waters in the Adriatic Sea
(Gamulin and Hure, 1983; Sinovcˇic´, 2001). The recent findings
of Papetti et al., 2013) suggest that S. scombrus could perform
an autumn–winter migration from the northern to the central
Adriatic to reach a spawning ground common to different stocks
in the northern–central Adriatic. Juvenile grounds have been
shown at the coast of Bari in the Adriatic Sea (Bottari et al.,
2004) as well as in the Gulf of Gabes (Ghailen et al., 2010) in
Tunisian waters and in the area associated to the Ebro river
outflow (Sardà et al., 2006) in Spanish Mediterranean waters.
In the eastern Mediterranean, information on the distribution
grounds is practically absent. In the current paper we aim at
pooling local information to assess potential nursery grounds at
bigger scale issues and cover to the extent possible our gaps in
knowledge.
Quantifying the distribution of a species along environmental
gradients (e.g., Guisan and Zimmermann, 2000; Planque
et al., 2007; Bellido et al., 2008; Weber and McClatchie,
2010; Giannoulaki et al., 2013) can provide habitat maps
presenting geographic areas where environmental variables, in
the absence of explicit biotic interactions (such as competition
or predation) are considered suitable for the presence of a
particular species. This approach has been successfully applied
in the Mediterranean to define the potential spawning and
nursery grounds of anchovy (Giannoulaki et al., 2013) and
sardine (Giannoulaki et al., 2011; Tugores et al., 2011). In
the present study, we used data from standardized acoustic
surveys that have been carried out routinely in the European
Mediterranean areas and applied habitat modeling techniques
to identify areas throughout the basin where juvenile mackerels
present a high likelihood of long-term persistence, thus defining
areas of particular importance for the maintenance of the
stocks. Preferential/occasional mackerel habitat areas were
defined based on probability, variability and persistence maps
(Bellier and Planque, 2007; Giannoulaki et al., 2011, 2013)
obtained for the examined periods. This is the first time for
Atlantic mackerel that species distribution modeling is applied,
linking the species spatial distribution with environmental
variables and resulted maps cover the entire Mediterranean
Sea.
As the small pelagic fishery is largely a mixed species fishery
in the Mediterranean targeting mainly anchovy and sardine, we
considered important to compare the assessed nursery grounds
of Atlantic mackerel with the respective nurseries of anchovy
and sardine. Given the occurrence of minimum landings size or
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Minimum Conservation Reference Size for these three species
according to the EU Regulation for theMediterranean (European
Commission, 2006) and the recent discard ban (EU Regulation,
European Commission, 2013) assessing areas where the small
pelagic fishery is likely to result into high discard rate of
undersized individuals is highly important from a management
perspective.
MATERIALS AND METHODS
Study Areas
In order to look at the distribution along an environmental
gradient, we tried to combine data covering to the maximum
possible extent Western, Central and Eastern parts of the
Mediterranean; exhibiting both contrasting environment and
distant locations, i.e., narrow vs. wide continental shelves, warm
vs. cooler water and different nutrient inputs from river outflows
associated with different productivity levels. Such diversity of
conditions should help defining the habitat suitability and
avoiding too much extrapolation. Unfortunately, data from the
South of theMediterranean were not available to complement the
environmental gradient and some assumptions had to bemade to
assess the habitat suitability of these areas.
Western Mediterranean Waters: The
Spanish Mediterranean Waters and the
Gulf of Lions
In the Spanish Mediterranean waters (Figure 1), the continental
shelf is generally narrow, being wider in the surroundings of
the Ebro River. The circulation is dominated by the inflow of
less saline Atlantic waters through the Strait of Gibraltar that
generate upwelling and a local enrichment with nutrients and
enhanced primary production in the Alboran Sea (Champalbert,
1996). Moreover, the North Current, a cyclonic along-slope front
flowing southwards and the outflow of fresh water from large
rivers (i.e., the Ebro), characterises this area. The Gulf of Lions
(Figure 1) is one of the most productive zones in the western
Mediterranean Sea owing to a number of hydrographic features
such as the existence of a wide continental shelf, river run-off,
and strong vertical mixing during winter. Occasionally coastal
upwellings are generated by local wind systems and complex
orographic effects (Millot, 1990; Lloret et al., 2001).
FIGURE 1 | Map of the study areas. Acoustic transects in the Gulf of Lions and the position of pelagic trawls held within acoustic surveys used for analysis in each
study area are shown. Toponyms mentioned in the text as well as the position of the main rivers and bathymetry are also indicated.
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Central Mediterranean Sea: South Western
Adriatic Sea and Strait of Sicily
The south western Adriatic Sea is a sub basin located in the
Central Mediterranean (Figure 1), characterized by complex
stratification and circulation. In the southern Adriatic the
seasonal thermocline extends down to∼75mwith amaximum at
150m. Homogeneous water properties, forming a different deep
water mass, are found below 150m (Artegiani et al., 1997).
The Strait of Sicily (Figure 1) connects the western and the
eastern Mediterranean basins. It has a fairly narrow (15 nmi)
continental shelf in the middle of the southern coast but it widens
in both its eastern and western parts. The surface circulation
is largely determined by the Atlantic-Ionian Stream and its
interannual variability has a large impact on upwelling extent
and the formation of frontal structures (Cuttitta et al., 2003;
Basilone et al., 2013; Bonanno et al., 2014). The upwelling is
further reinforced by wind-induced events (Patti et al., 2010).
Eastern Mediterranean Sea: North Aegean
Sea
The North Aegean Sea (Figure 1) is characterized by high
hydrological complexity mostly related to the Black Sea water
(BSW) that enters the Aegean Sea through the Dardanelles
strait. The outflow of BSW enhances local productivity and
its advection in the Aegean Sea induces high hydrological and
biological complexity (Somarakis and Nikolioudakis, 2007). This
is further enhanced by the presence of a series of large rivers that
outflow into semi-closed gulfs (Giannoulaki et al., 2013).
Mackerel Samplings
As no suitable data were available from the specific summer
surveys to estimate length at maturity (L50), this was based on
the available literature review from the Atlantic (L50 = 28.6 cm,
Froese and Pauly, 2016) and the Adriatic Sea (smallest mature
female was 20 cm of fork Length and the smallest male was
20.5 cm, Bottari et al., 2004). However, according to Collette and
Nauen, 1983) mackerel may have to wait for ∼30 cm to reach
maturity in the eastern part of the Mediterranean. Thus within
a precautionary approach, individuals with total length <20 cm
were selected as juveniles for our analyses.
Acoustic data from standard monitoring stock assessment
surveys held in the Gulf of Lions (Western Mediterranean)
were used to model the presence of Atlantic mackerel juveniles
during summer. No spatially explicit acoustic data were available
from other Mediterranean areas as spatially explicit echo is
obtained only for anchovy and sardine. Subsequently, spatially
explicit catch data from pelagic hauls as collected during standard
monitoring stock assessment acoustic surveys in the North
Aegean Sea (Eastern Mediterranean), the south western part of
the Adriatic Sea, the Strait of Sicily (Central Mediterranean),
Spanish Mediterranean Waters (Western Mediterranean) were
also used to cover a wider area extent.
Acoustic Sampling
Acoustic sampling was performed in the Gulf of Lions during
summer for the period (July 2004–2010) by means of scientific
split-beam echosounders (Simrad EK500, Simrad EK60) and
frequencies used at 38, 70, 120, and 200 kHz, calibrated following
standard techniques (Foote et al., 1987). Data were collected
on board the R/V “L’EUROPE” along predetermined parallel
transects, perpendicular to the bathymetry 12 nautical miles
(nmi, 1.852 km) apart and were recorded at a constant speed
of 8 nmi h−1. Minimum sampling depth varied between 10
and 20m depending on the area. The size of the Elementary
Distance Sampling Unit (EDSU) was one nmi. Acoustic data
analysis was made using theMovies+ software. Midwater pelagic
trawl sampling was carried out in order to identify and verify
mackerel echotraces as well as to assess the size distribution
and distinguish between juveniles and adults. Mackerel juveniles’
echoes discriminationwas based on (a) the echogram shape of the
schools (b) the output of adjusted algorithm based on frequency
response curves and (c) the catch composition of concurrent
pelagic trawls (Simmonds and MacLennan, 2005).
Pelagic Hauls Sampling
A set of 238 pelagic hauls held over the period 2003–2010 during
summer acoustic surveys was used derived from acoustic surveys
held in Spanish Mediterranean waters, the Strait of Sicily, the
south western Adriatic and the North Aegean Seas. Details are
described in Table 1 as well as in Giannoulaki et al. (2013).
In addition, only hauls with adequate percentage of Atlantic
mackerel juveniles’ were considered as positive (i.e., hauls with
Atlantic mackerel juveniles’ exceeding 20% of the total catch
of Atlantic mackerel in terms of number of individuals). So, at
each haul location x, an indicator of Atlantic mackerel juveniles
presence I(x) was defined as I(x)= 1, if the percentage of juveniles
catch was over 20%, and I(x) = 0 otherwise. Using this criterion,
we retained a total of 93 positive Atlantic mackerel juvenile’s
hauls.
TABLE 1 | Summarized information on pelagic haul data from acoustic surveys.
Area Month Year Codend mesh size (in mmi) Pelagic trawl vertical opening Total no pelagic hauls
North Aegean Sea June–July 2003, 2005, 2008, 2010 8 10 61
South western Adriatic Sea July–August 2005 18 7 15
Strait of Sicily July 2006, 2010 18 8 56
Spanish Mediterranean waters June–July 2009–2010 20 22 106
Total No Pelagic Hauls, Total number of pelagic hauls per survey in an annual basis.
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Environmental Data
Satellite environmental data as well as bottom depth were
used as explanatory variables to model the habitat of Atlantic
mackerel juveniles in the Mediterranean Sea. The area is well-
monitored in terms of monthly satellite imagery (summarized
in Table 2). Specifically, sea surface temperature (SST in ◦C),
sea surface chlorophyll concentration (CHLA in mg m−3),
sea level anomaly (SLA in cm), the meridional component of
the absolute geostrophic velocity current (VADT in m s−1,
surface northward geostrophic sea water velocity) and zonal
component of the absolute geostrophic velocity (UADT in m
s−1, surface eastward geostrophic sea water velocity, negative
values indicate west direction, positive values indicate east
direction) were downloaded from respective databases (see
Table 2) and used. These environmental variables are considered
important either as a direct influence on the distribution
of mackerels (e.g. SST, CHLA, geostrophic velocity) or as
proxies for causal factors (Bellido et al., 2001; Basilone et al.,
2004, 2006; Giannoulaki et al., 2011, 2013; Tugores et al.,
2011). For example, SLA varies with ocean processes such
as gyres, meanders, and eddies (Larnicol et al., 2002; Pujol
and Larnicol, 2005) which enhance productivity and often
function as physical barriers differentiating the distribution of
species or species life stages. Negative SLA values are related
to upwelling processes whereas positive ones to downwelling
processes. Bathymetry, as an indirect factor, was derived
from the EMODnet Bathymetry portal (http://www.emodnet-
bathymetry.eu). All monthly-averaged satellite images from
daily measurements were processed as regular grids under
a GIS (Geographic Information Systems) environment using
ArcInfo GRID software. Satellite variables were mostly used
at their best available resolution provided by the online
satellite data distribution archives (Table 2) in order to obtain
environmental characteristics for each sampling point at an
average spatial resolution of 1.5 km (Valavanis et al., 2008),
adequately defining environmental spatial heterogeneity in
relation to both the applied EDSU (1.852 km) of acoustic data and
the best available resolution of the explanatory environmental
variables.
Data Analyses
Habitat Modeling
Generalized additive models (GAMs; Hastie and Tibshirani,
1990) were applied in a presence/absence approach to define
the set of environmental factors that describe mackerel juveniles’
distribution. The presence/absence approach allowed us to
standardize Atlantic mackerel presence from different sources
i.e., acoustic sampling and pelagic haul sampling. Furthermore,
in order to assess the quality of our models, we had to separate
the dataset between a training dataset (data that were used to
estimate parameters) and a validation dataset (data that were
not used in the model parameterization but used afterwards to
assess the quality of the fit). The training dataset was defined
in order to ensure (a) merging data from different areas that
cover a wider range of environmental conditions (b) merging
presence/absence data from acoustic surveys and pelagic hauls we
succeeded eliminating any autocorrelation in our training dataset
thus avoiding any Type I error in our resulted model and (c)
selecting years of data that balanced absence and presence records
thus avoiding any prevalence of positive or negative areas that
are likely to cause bias to model performance (Fielding and Bell,
1997). As such, GAMs were applied to pooled data from the Gulf
of Lions (2006–2010), the North Aegean Sea (2006, 2008) and
the Strait of Sicily (2006) to define a “mean” model that we can
subsequently use for mapping.
The selection of the GAM smoothing predictors was done
using the MGCV library in the R statistical software (R
Development Core Team, 2012). In each model fit, a double
penalty was applied to the penalized regression solved by
MGCV, which allows variables to be solved out of the model
entirely (Marra and Wood, 2011), being more robust to identify
important features. The degree of smoothing was chosen based
on the observed data and the restricted maximum likelihood
(REML) estimation that outperforms the generalized cross
validation (GCV) smoothing parameter selection, as suggested
by Marra and Wood (2011). In order to avoid any bias generated
from any possible autocorrelation effect in the spatial structure of
our acoustic data, we adjusted to Type I error rate by setting the
accepted significance level for each term at the more conservative
TABLE 2 | Environmental satellite parameters and their characteristics.
Parameter Abbreviation Sensor/model Resolution Sources
Sea Surface Chlorophyll-a CHLO MODISA 4 km oceancolor.gsfc.nasa.gov
Sea Surface Temperature SST AVHRR 4 km oceancolor.gsfc.nasa.gov
Sea Level Anomaly SLA Merged Jason-1, Envisat, ERS-2,
GFO, T/P
0.125◦ (interpolated to
1.5 km using ArcInfo’s
topogrid)
www.jason.oceanobs.com
Surface eastward geostrophic sea
water velocity
UADT Merged Mediterranean Sea Gridded
Absolute Geostrophic Velocities
SSALTO/Duacs L4 product
0.125◦ www.aviso.altimetry.fr
Surface westward geostrophic sea
water velocity
VADT Merged Mediterranean Sea Gridded
Absolute Geostrophic Velocities
SSALTO/Duacs L4 product
0.125◦ www.aviso.altimetry.fr
Measurements are extracted from the respective databases on a daily scale and in a next step averaged on a monthly basis.
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value of 1%, rather than the usual 5% (Fortin and Dale, 2005). For
each case, a final model was built by testing all variables that were
considered biologically meaningful starting from a simple initial
model with one explanatory variable. The best model was selected
based on the minimization of the Akaike’s information criterion
(AIC) and the level of deviance explained (0–100%; the higher
the percentage, the more deviance explained), also taking into
account the model’s predictive ability. Specifically, as response
variable (y), we used the presence / absence of mackerel juveniles.
As independent variables (x covariates), we examined the cube
root of the bottom depth (to achieve a normal distribution of
bottom depth), the natural logarithm of CHLA (to achieve a
normal distribution of CHLA), SST, SLA, VADT, and UADT. The
binomial error distribution with the logit link function was used
and the natural cubic spline smoother (Hastie and Tibshirani,
1990) was applied for GAM fitting. Following the selection of
the main effects of the model, all first-order interactions of
the main effects were tested using tensor product smoothing
as the variables were not on the same scale. To avoid over-
fitting the maximum degrees of freedom (measured as number
of knots k) allowed to the smoothing functions were limited to
the main effects at k = 5. Validation graphs (e.g., residuals vs.
fitted values, QQ-plots and residuals vs. the original explanatory
variables) were plotted to detect the existence of any pattern
and possible model misspecification. Residuals were also checked
for autocorrelation. The output of the final selected GAM is
presented as plots of the best-fitting smooths. Interaction effects
are shown as a perspective plot without error bounds.
Model Validation
In a subsequent step, the final model was tested and evaluated
for its predictive performance, in other words the possible error
in the predictions. For this purpose we used the validation
dataset including data not used for modeling, i.e., (a) acoustic
data from the Gulf of Lions in 2003–2005 and pelagic hauls
data from (b) North Aegean Sea in 2003, 2005, 2010, (c) the
south western Adriatic Sea in 2005, (d) the Strait of Sicily in
2007, 2010 and (e) the Spanish Mediterranean waters in 2009,
2010. The advantage of the specific validation dataset is that it
covered to the highest possible extent the entire basin and the
prevalence of the positive values was at 0.75 thus reducing the
possibility to result into a misleading high overall accuracy using
trivial rules when for example the dataset is characterized by low
prevalence (Fielding and Bell, 1997). Generally, using the specific
pooled dataset we aimed to (a) balance the number of presences
and absences as much as possible (b) increase the extent of
occurrence/absence data and cover a wide extent of the territory
under study and (c) add absences from more environmentally
distant locations compared to presences in order to increase
the rate of well-predicted absences. We estimated the Receiver
Operating Characteristic curve (ROC; Hanley and McNeil, 1982;
Guisan and Zimmermann, 2000) and the AUC metric (the area
under the ROC), a threshold-independent metric, widely used
in the species’ distribution modeling literature (Franklin, 2009).
As AUC has been criticized as a measure of model performance
(Lobo et al., 2008) we have also estimated sensitivity (i.e., the
proportion of observed positives that are correctly predicted)
and specificity values (i.e., the proportion of observed negatives
that are correctly predicted) as a measure of model evaluation
(Lobo et al., 2008). We report sensitivity and specificity values
in relation to two threshold criteria: (i) the maximization of the
specificity-sensitivity sum (MDT) and (ii) the prevalence values
(Jiménez-Valverde et al., 2008; Lobo et al., 2008). Moreover, we
used a threshold at 0.5 and obtained the matrix of confusion
that identified true positive (a), false positive (b), false negative
(c) and true negative (d) predicted values. Subsequently, we
calculated alternative performance measures including overall
prediction success (matching coefficient; Buckland and Elston,
1993), sensitivity, specificity, the odds ratio, Positive predictive
power Percentage of predicted absences that were real (PPP),
Negative predictive power Percentage of predicted absences that
were real (NPP) and Cohen’s kappa (Fielding, 1999; Manel et al.,
2001). The odds ratio and Cohen’s kappa are the two indices
that make full use of the information contained in the confusion
matrix (Fielding and Bell, 1997). NPP assesses the probability that
a case is not correctly predicted. For Cohen kappa, values of 0.0–
0.4 are considered to indicate slight to fair model performance,
values of 0.4–0.6 moderate, 0.6–0.8 substantial and 0.8–1.0
almost perfect (Manel et al., 2001). Landis and Koch (1977)
have suggested the following ranges of agreement for the Kappa
statistic: poor K < 0.4; good 0.4 < K < 0.75, and excellent K >
0.75.
Mapping
Based on validation results, the selected model was applied in
a predictive mode to provide probability estimates and habitat
suitability over a wider grid of mean monthly satellite values
at a GIS resolution of 4 km, covering the entire Mediterranean
basin (i.e., practically indicating areas where a specific set
of values concerning satellite variables occur). Following the
technical approach presented in Giannoulaki et al. (2013), annual
habitat suitability maps were constructed over the 2004–2010
period at the scale of the Mediterranean. Subsequently, GIS
techniques were used to estimate the mean of these annual
maps, summarizing the mean average probability estimates at
each grid point. The variability map, representing the interannual
variability in potential juvenile grounds, was also produced
by estimating the standard deviation of the annual maps.
Subsequently, preferential and occasional juvenile grounds were
defined based on average probability and variability (Bellier and
Planque, 2007) and habitat allocationmapwas created indicating:
(i) recurrent/persistent juvenile sites: areas with mean probability
>0.5 and standard deviation values<0.12, (ii) occasional juvenile
sites: areas with mean probability >0.5 and standard deviation
values >0.25 i.e., where mackerel juveniles are present indicating
high probability in some years but not in others and (c) rare
juvenile sites—areas with low mean and low standard deviation
values.
Comparison with Anchovy and Sardine
Juveniles’ Grounds
In a further step we tried to examine the overlapping between the
potential juvenile habitat of Atlantic mackerel with the respective
juvenile habitat of anchovy (as estimated in Giannoulaki et al.,
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2013) and sardine (as estimated by Giannoulaki et al., 2011).
The degree of overlapping was estimated based on the following
formula using GIS techniques
Coi,j =
∑
k 1ijk∑
k 1ik +
∑
k 1jk
(1)
where 1ik equals one if species i is present on the grid point k, 0
otherwise and 1ijk equals one if both species i and j are present at
point k, 0 otherwise.
The degree of overlapping based on the above formula was
also estimated per GFCM Geographical Subarea (GSA) level
(http://www.fao.org/gfcm/data/map-geographical-subareas/
en/).
RESULTS
Habitat Suitability Modeling
The final GAM for pooled data included as main effects: SST,
UADT and the interaction of Depth (cubic root transformed)
with SLA (Deviance explained = 30.7%, AIC = 1098.73, p <<
0.000). Model results (Figure 2) indicated higher probability of
finding Atlantic mackerel juveniles present in shallow waters
<130m combined with SLA of−6 to 0 cm (upwelling processes),
deeper waters up to 220m when combined with SLA of 6–8 cm
(downwelling processes) as well as SST between 22 and 26◦C and
UADT values < −0.1m s−1 and >0.2m s−1 (Figure 2).
The quality of a predictive model is usually judged by its
predictive accuracy or otherwise the possible error in its estimates
Validation results showed substantial to goodmodel performance
based on the Kappa and the Odds ratio values (Table 3).
Moreover, the value of the PPP confirms that the model meets
our initial objective to assess habitats with high opportunity of
occurrence and accurately predict species presence at a rate of
0.6%. Moreover, a value of 0.69 for the AUC means that for 69%
of the time a random selection from the positive group will have
a score greater than a random selection from the negative class
(Fielding and Bell, 1997).
Mapping
The habitat allocation maps as estimated for the study period
showed that suitable areas for Atlantic mackerel juveniles are
dominated by areas characterized by high probability as well
as high variability (occasional habitat, areas characterized by
high mean and high standard deviation). From west to east
these areas included the continental shelf waters of the Gulf of
Lions, the coastal waters of the Baleares, a narrow band along
the Moroccan coastline, the coastal waters of the Ligurian Sea
and around the island of Sardinia, waters over the banks in
the Strait of Sicily, locations in the north eastern part of the
Adriatic Sea and along Croatian coastline, the coastal waters
of the south eastern Ionian Sea, the continental shelf of North
Aegean Sea and the Nile Delta area (Figure 3). Persistent areas
were very limited in extent, located in the coastal waters of
the Spanish Mediterranean waters, the coastal part of the north
eastern Adriatic, the north east part of the Aegean Sea being in
proximity with Black sea water input, as well as along a narrow
FIGURE 2 | Pooled model: Coefficients of the Generalized Additive Models
(GAMs) for Atlantic Mackerel juveniles in summer period (June-July). SST, Sea
Surface Temperature (oC); SLA, Sea Level Anomaly (in cm); DEPcr, Bottom
Depth (in m); UADT, surface eastward geostrophic sea water velocity in ms−1.
The interaction plots are also shown. Thick lines indicate the value of GAMs
coefficient. Shadowed areas represent the confidence intervals at p = 0.01.
The rug under the single variable effects plots indicates the density of points
for different variable values.
coastal band in the Nile delta region (Figure 3). Moreover,
suitable areas were predominantly absent from the Algerian
waters, the Libyan waters, the Ionian Sea along the Albanian
waters and the coastal part of the Levantine (Syrian and Turkish
waters).
Comparison with Anchovy and Sardine
Juveniles Potential Habitat
Figure 4 shows the locations characterized as potential juvenile
habitat (occasional and persistent) of anchovy / Atlantic mackerel
and sardine/Atlantic mackerel, respectively. At first glance the
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TABLE 3 | Pooled model validation metrics.
Metric Value Threshold
AUC 0.693± 0.018
MDT Sensitivity 0.288± 0.016 0.5
MDT Specificity 0.407± 0.030 0.5
Prevalence Sensitivity 0.347 0.39
Prevalence Specificity 0.355 0.39
S 0.317 0.5
Odd ratio 0.278 0.5
PPP 0.597 0.5
NPP 0.157 0.5
Cohen Kappa 0.75 0.5
Mean values of sensitivity and specificity accuracy measures for two threshold criteria:
MDT (maximize the specificity-sensitivity sum) and prevalence values. The estimated
area under the ROC curve (AUC) ± standard deviation is also indicated. S=Overall
prediction success Percentage of all cases correctly predicted, Sensitivity Percentage
of true positives correctly predicted, Specificity Percentage of true negatives correctly
predicted, Odds ratio, Ratio of correctly assigned cases to incorrectly assigned cases,
PPP, Positive predictive power Percentage of predicted absences that were real, NPP,
Negative predictive power Percentage of predicted absences that were real, Cohen’s
kappa.
potential juvenile habitat of Atlantic mackerel is much more
limited in extent compared to the respective one of anchovy and
sardine. The degree of overlapping did not exceed 15% for the
entire basin concerning both species. The estimated overlapping
index in the western, central and western part of the basin also
exhibited values around 15%. However, in the western part of the
basin the overlapping was higher with anchovy juvenile grounds
whereas in the central and eastern part, higher overlapping was
observed with the juvenile grounds of sardine. Certain differences
appeared at a regional level with >30% overlapping in the Gulf
of Lions (GSA 7) for both species. Looking at the rest of the
areas with extended continental shelf, overlap >20% between
anchovy and Atlantic mackerel was observed in the Baleares
(GSA 5), in the Adventure Bank within the Strait of Sicily
(GSA 16) and in the south Adriatic Sea (GSA 18). Regarding
sardine and Atlantic mackerel, the >20% overlap in areas with
extended continental shelf was observed in the Adventure Bank
in the Strait of Sicily (GSA 16), in the south Adriatic Sea (GSA
18), in the Aegean Sea (GSA 22) and in the Egyptian waters
(GSA 24).
DISCUSSION
Atlantic mackerel population behavior has been an issue for
discussion lately (Hughes et al., 2014, 2015) mainly due to the
observed poleward shift in the Atlantic catches which is most
likely associated to climate changes effects. The Mediterranean
region is possibly one of the most vulnerable regions to climate
change (Rosenzweig et al., 2007; Giorgi and Lionello, 2008) and
has been identified as one of the most prominent “Hot-Spots” in
future climate change projections (Giorgi, 2006).
Our approach was to go deeper into the spatial dimension of
the species distribution and determine environmental variables
that define species spatial distribution and especially species’
juvenile grounds. For this purpose we exploited info collected
during the summer acoustic surveys carried out in the north part
of the Mediterranean since 2000. We need to note that previous
info on the spatial distribution of the juvenile grounds of the
species was largely missing being available only on limited local
scales such as the north-eastern part of the Adriatic Sea.
Bathymetry along with SST and circulation patterns expressed
through SLA and UADT (zonal component of the absolute
geostrophic velocity) were the variables found to determine
species nurseries. Atlantic mackerel juveniles were found most
likely to be present in the continental shelf at a depth <130m
combined with upwelling processes as well as in deeper waters
up to 220m when combined with downwelling processes.
Areas where zonal velocity values were either < −0.1m
s−1 or > 0.2m s−1 also appeared favorable. The association
with upwelling and downwelling processes might be related to
oceanographic regimes related to local retention processes of
fish larvae and zooplankton and subsequently food availability.
Moreover, Atlantic mackerel is a pelagic species known to
undergo seasonal migrations (Reid et al., 2001; Molloy, 2004;
Jacobsen, 2008) and the association found with the zonal
component of the absolute geostrophic velocity is stressing the
migratory nature of the species that uses currents to facilitate
transport. The relation between habitat suitability and SST
seems to be more complex. Results showed a bell shaped curve
for SST and the selection of 22–26◦C and the occurrence of
optimum temperatures around 24.5◦C. Although, our sampling
lacks info on temperatures above 26◦C, a temperature increase
over this value is likely to be related to unfavorable habitat
conditions. Our knowledge based on the Atlantic population,
verifies spatial shifts in the species spawning habitat in relation
to changes in SST within a 20 yrs period (Beare and Reid,
2002). Specifically, a poleward shift in the spawning habitat
is recorded suggesting a selection for cooler waters (Hughes
et al., 2014). The location of overwintering and the timing
direction and speed of migration are also related to SST (e.g.,
Reid et al., 2001; Jansen and Gislason, 2011, 2013; Hughes et al.,
2014).
Validation results of the final selected model based on areas
from the western, central and eastern Mediterranean showed
substantial to good model performance especially when it comes
to assess habitats with high opportunity of occurrence. From
West to East, suitable areas included the continental shelf waters
of the Gulf of Lions, the Baleares, the Moroccan coastline,
the coastal waters of the Ligurian Sea the area around the
island of Sardinia, waters over the banks in the Strait of
Sicily, the north eastern part of the Adriatic Sea and along
Croatian coastline, the coastal waters of the south eastern
Ionian Sea, the continental shelf of North Aegean Sea and the
Nile Delta area. Persistent areas although highly localized and
very limited in extent are confirmed by the scarce available
information which indicates the presence of such nurseries
along the coast of Bari in the Adriatic Sea (Bottari et al.,
2004), in the coastal waters of the Gulf of Gabes (Ghailen
et al., 2010) in Tunisia as well as in association to the Ebro
river in Spanish Mediterranean waters (Sardà et al., 2006).
Moreover, the presence of juvenile grounds is verified offshore
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FIGURE 3 | Habitat suitability maps based on pooled model for juvenile Atlantic mackerel in the Mediterranean Sea for June 2003–2010. (A) Mean probability map
(B) Standard Deviation Map (C) Habitat allocation map.
the Tunisian waters by the OASIS acoustic surveys results
(Hattour, 2000; Ben Abdallah and Gaamour, 2004; Hattour et al.,
2004).
We need to single out that the assessed potential nursery
grounds were generally marked as “occasional,” implying that
although these areas present high probability to encounter
Atlantic mackerel this picture can largely vary from year to
year. This stresses the high susceptibility of the species to
environmental conditions like temperature, circulation patterns
and the intensity of currents and further underlines that climate
change toward warmer temperatures can alter; possibly reduce
the spread and suitable locations of Atlantic mackerel juvenile
grounds. The recent example from the North-East Atlantic
mackerel population and the poleward shift in its distribution
(Hughes et al., 2014) come to support this. In comparison
to other European regions the future annual warming rate is
likely to be greatest in southern Europe (Hertig and Jacobeit,
2008). Specifically, climate change scenarios forecast temperature
increase for the whole Mediterranean area in the period 2071–
2100 compared to 1990–2019, ranging mostly between 2 and
4◦C, depending on region and season (Giorgi and Lionello,
2008; Hertig and Jacobeit, 2008). Thus, climate change effect on
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FIGURE 4 | Overlapping of mackerel juveniles’ occasional and persistent habitat with (A) anchovy juveniles’ occasional and persistent habitat and (B) sardine
juveniles occasional and persistent habitat. Anchovy juveniles’ habitat is redrawn based on Giannoulaki et al. (2013). Sardine juveniles’ habitat is redrawn based on
Giannoulaki et al. (2011). GFCM Geographical Subareas (GSAs) (http://www.fao.org/gfcm/data/map-geographical-subareas/en/) are superimposed.
Atlantic mackerel suitable habitat in the Mediterranean becomes
more important. Given the very little information we have
available from the Mediterranean, the highly variable nature of
the habitat and the migratory behavior of the species it becomes
appealing to further examine to what extent climate change
along with water circulation can define migration routes or be
a barrier for stock exchange. Genetic analysis might help toward
this perspective.
The latter will also help to define appropriate stock assessment
units as the species is currently not assessed in anyMediterranean
country but the need for stock assessment has recently been
noted (STECF, 2016). Although anchovy and sardine are
the main target species for the small pelagic fishery in the
Mediterranean, it is well-known that the Mediterranean small
pelagic fishery is practically a mixed species fishery and single
species management or protection cannot be as effective as
ecosystem protection practices. Within this framework we have
estimated and visualized the overlap between Atlantic mackerel
and anchovy/ sardine juvenile grounds. Results showed that
although the degree of overlapping was generally low, not
exceeding 15% in general, this varied at a regional level going
up to 30%. Although the Mediterranean Regulation has set
minimum landing size for all three species, the degree at
which the nurseries of all three species coincide with existing
fishing grounds might have implications for the management
of the fisheries operating in the Gulf of Lions, the Baleares,
the North Aegean Sea, the South Adriatic, and over the
Banks in the Strait of Sicily. Furthermore, spatial management
measures such as fishing restricted areas aiming to protect
nurseries should consider as more effective candidates areas
serving as nurseries for more than one species. This becomes
even more appealing and important for the maintenance of
good stock status considering the vulnerability of small pelagics
to environmental conditions and climate change. Moreover,
some of the areas indicated here like the Gulf of Lions, the
Baleares, waters around Sardinia, the North Aegean Sea and
the Adventure Bank in the Strait of Sicily are also persistent
nurseries for commercially important demersal species such
as European hake (Merluccius merluccius), deep water rose
shrimp (Parapenaeus longirostris), horned octopus (Eledone
cirrhosa), and broadtail short fin squid (Illex coindetii; e.g.
Fortibuoni et al., 2010; Garofalo et al., 2011; Colloca et al.,
2015). Effective spatial management measures such as MPAs
or MPA networks should not rely on the protection of
one or two species or species targeted by a single fishery
but rather on the protection of areas where the nurseries
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of the most important small pelagic and demersal resources
coincide.
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